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Abstract 

Background, aim, and scope North American pulp and 
paper mills are facing tremendous challenges, which may 
necessitate major mill modernizations. An example is 
process modification to reduce dependency on purchased 
power, which is an expensive resource. Such modifications 
may have environmental implications at the mills’ sites, on 
their product life cycle, and on other interconnected 
systems, and therefore, systematic tools such as life cycle 
assessment (LCA) need to be applied. Different LCA 
system boundary approaches can be used for such process 
design applications, and these approaches need to be 
compared to determine their respective benefits and 
limitations in this context. This study compares setting the 
system boundary according to a cradle-to-gate approach 
[attributional LCA (ALCA)] and a system expansion 
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[consequential LCA (CLCA)] approach using a case study, 
which deals with implementing cogeneration and increased 
de-inked pulp production at an integrated newsprint mill. 
Methodology A case study considering various process 
options to reduce purchased electricity at an integrated 
newsprint mill is defined. These options include imple¬ 
menting cogeneration and increasing de-inked pulp pro¬ 
duction. The environmental impacts related to these process 
options are analyzed using two LCA methodologies. The 
first one consists in setting the system boundary according 
to a cradle-to-gate ALCA approach, while the second one 
uses a differential CLCA approach (system expansion). 
Comparisons of the two methods are based on different 
parameters: inclusion/exclusion of the indirect environmen¬ 
tal consequences, selected allocation procedures, and effect 
of using the average versus the marginal technology for 
power production. 

Results Both the ALCA approach and the CLCA approach 
indicate that the process options are beneficial. However, 
the results show that indirect environmental consequences, 
which are assessed only with the CLCA approach, can be 
opposite to direct effects (e.g., the results can indicate an 
improvement of the direct impacts and a deterioration of the 
indirect ones). In addition, environmental impacts obtained 
by modeling the average or the marginal technology may 
be very different. Using an ALCA approach often neces¬ 
sitates the use of an arbitrary allocation procedure, which 
can greatly affect the results. On the other hand, ALCA can 
be used to perform “hot spots” identification, which, at this 
time, is not possible with CLCA. 

Discussion The cradle-to-gate boundary approach, which is 
usually used in the literature for pulp and paper process 
design applications, may not always be the most appropri¬ 
ate to determine the environmental consequences of 
implementing different process options. However, at this 
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time, there is no method based on CLCA allowing for “hot 
spots” identification, and thus, a combined approach may 
be required for process design. 

Conclusions It is shown that the choice of the system 
boundary can significantly affect the results. More specif¬ 
ically, the usage of different allocation procedures in ALCA 
leads to different interpretation of the results, which does 
not occur when using the CLCA approach. CLCA provides 
more complete information for decision making for the 
cases where most of the consequences occur outside the life 
cycle of the product investigated. 

Recommendations and perspectives Research opportunities 
include developing methodologies to integrate ALCA and 
CLCA for improved process design applications and 
mechanisms for reducing uncertainty in CLCA. 

Keywords Attributional LCA • Consequential LCA • 

Energy • Pulp and paper processes • System boundary 

1 Background, aim, and scope 

North American pulp and paper mills are currently facing 
tremendous challenges from which energy prices is an 
important one. In order to remain competitive, they may be 
forced to consider major mill modifications to reduce their 
energy costs. This kind of modification may have environ¬ 
mental implications at the mill site, in its product life cycle, 
as well as on other interconnected systems. Life cycle 
assessment (LCA) has been used more abundantly to assess 
the environmental impacts of process modifications. Most 
applications have involved the selection of cradle-to-gate 
system boundary definition (i.e. from resource extraction to 
the manufacturing of the product). However, it has become 
increasingly apparent that limiting the system boundary to 
the investigated product system when assessing the envi¬ 
ronmental impact of a change to this product may lead to 
serious underestimation of the environmental consequences 
of such a change. This paper deals with this issue of system 
boundary selection. 

1.1 System boundary selection for pulp and paper process 
design applications 

A survey of the use of LCA in the pulp and paper industry 
(Gaudreault et al. 2007a, b) showed that the main 
applications can be classified in five categories: (1) 
comparison of products with the same function, (2) 
comparison of process options, (3) comparison of waste 
management options, (4) evaluation of new products, and 
(5) strategic planning. This paper focuses on the process 
options comparison application. Examples of applications 
for process selection include the comparison of alternatives 


concerning pulping processes (Vizcarra et al. 1999; Das and 
Houtman 2004; Salazar Zarate 2004), bleaching processes 
(Scheringer et al. 2000; Dias et al. 2002; Fu et al. 2005), 
energy strategies (Lopes et al. 2003; Salazar Zarate 2004; 
Cornejo et al. 2005), effluent treatment (Salazar Zarate 2004; 
Munoz et al. 2006), and chemical recovery (Rehnstrom 
2003). The system boundaries that were defined in these 
studies are presented in Table 1. All previous LCA studies 
used a system boundary approach, which attempts to allocate 
the environmental impact due to one product and/or process. 
In order to do this, allocation procedures are used when 
multifunctional processes are necessary to achieve the main 
function of the system. For instance, chip usage for pulp 
production is often a by-product of sawmill operations for 
which the main product is lumber. Lumber production is not 
of interest when investigating the environmental impacts of 
pulping. Therefore, an allocation procedure should be 
selected to determine which proportion of the sawmill 
operations environmental impacts are imputable to chips 
versus lumber. 

Most studies mentioned previously used a cradle-to-gate 
approach to establish the boundary, and two of them used a 
cradle-to-grave approach (i.e., use and final disposal of 
paper were also included in the assessment). Using these 
approaches does not allow investigating the potential 
indirect effects of selecting one process option versus 
another one because these occur outside the defined 
boundary. The potential indirect effects related to the 
studies are also presented in Table 1. An example of this 
can be demonstrated by the case of replacing a portion of 
the thermo-mechanical pulp (TMP) by de-inked pulp (DIP) 
and implementing cogeneration at a newsprint mill in order 
to reduce purchased electricity (Salazar Zarate 2004). In 
this case study, the cradle-to-gate boundary (from resource 
extraction to paper distribution) was used. The main effects 
on the process of implementing DIP pulp production and 
cogeneration were an increase of recycled fiber consump¬ 
tion, a reduction of chip (virgin fiber) consumption, an 
increased amount of steam to be generated from natural gas 
and/or wood waste (to compensate for the reduction of 
steam production due to the complete or partial shutdown 
of the TMP plant), and a decreased usage of purchased 
power. As a result of the system boundary selection, several 
underestimations of the environmental consequences relat¬ 
ed to process modification may have been made. For 
instance, the increased consumption of recovered fiber was 
dealt with using a landfill credit. However, the waste paper 
market may be competitive, and it is possible that the 
increased consumption of recycled fiber in the system 
results in the deviation of waste paper from other usages 
rather than from landfill. In order for these consequences to 
be revealed, it would have been necessary to expand the 
system boundary to the recycled paper market and 
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Table 1 System boundary selection in pulp and paper process design applications 


LCA comparisons 


Boundary 


Potential indirect effects not included in the analysis 


Chemical-, mechanical-, and bio-pulping 
processes (Das and Houtman 2004) 
Substitution of TMP by DIP at an integrated 
newsprint mill (Salazar Zarate 2004) 


Substitution of softwood mechanical pulp 
(SMP) by cereal straw chemical pulp 
(CSCP) for the manufacturing of telephone 
directory-grade paper (Vizcarra et al. 1999) 
Enzyme bleaching and elementary chlorine 
free (ECF) bleaching (Fu et al. 2005) 

ECF, ECF with oxygen delignification and 
total chlorine free (TCF) bleaching for 
Eucalyptus pulp (Dias et al. 2002) 

Fluorescent whitening agents (FWA) and 
peroxide bleaching of mechanical pulp 
(Scheringer et al. 2000) 

Heavy fuel oil and natural gas usage in the 
pulp and paper process (Fopes et al. 2003) 

Cogeneration at an integrated newsprint mill 
(Salazar Zarate 2004) 

Different advanced effluent oxidation processes 
(AOP) for removing organic carbon content 
from the kraft pulp bleaching process 
(Munoz et al. 2006) 

Implementation of tertiary effluent treatment 
technology at integrated newsprint mill 
(Salazar Zarate 2004) 

Recovery boiler and black liquor gasification 
(Rehnstrom 2003) 


From resource extraction to pulping 


Marginal technology for electricity production 


From resource extraction to paper 
distribution. System expansion for 
waste paper deviated from landfill 

From resource extraction to 
papermaking 


Marginal technology for the electricity 
production, alternative usages of waste 
paper, alternative usage of wood chips, 
and alternative usage of wood chips/natural gas 

Alternative usage of wood chips, alternative 
usage of wheat straw 


The bleach plant and its input to 
resource extraction 
Cradle-to-grave: from forest to 
landfilling, composting, and 
recycling 

The bleach plant and its input to 
resource extraction 


Marginal technology for energy production 

Alternative usage of chemicals if the supply 
is not completely elastic 

Marginal technology for energy production 


Cradle-to-grave: from forest to 
landfilling, composting, and 
recycling 

From resource extraction to paper 
distribution 

The AOP processes and their 
inputs to resource extraction 


Alternative usage of fuels if the supply is 
not completely elastic 

Marginal technology for the electricity 
production, alternative usage of wood 
chips/natural gas 

Marginal technology for energy production 


From resources extraction to paper No significant effect expected outside the defined 
distribution boundary 


The recovery processes and their 
inputs. Expansion to avoided 
electricity 


Marginal technology for electricity production, 
alternative production of steam, and related 
consequences for fuel usage 


alternative usage of waste paper. Another example is the 
decrease in chip consumption due to the reduction of TMP 
pulp production. Using the cradle-to-grave boundary and 
the selected allocation procedures, this reduction led to a 
proportional reduction of forest operations. Chips are a by¬ 
product of lumber production and will be produced, 
although the investigated system does not consume them 
anymore. Thus, in order to investigate the environmental 
consequences of this reduction, it is necessary to expand the 
system boundary to the chip market and to alternative 
usages. An equivalent reasoning can be applied to wood 
waste consumption. Finally, the process options signifi¬ 
cantly reduced purchased electricity consumption. Using 
classical ALCA, it would be assumed that the average 
technology is reduced, which may not be the case in reality. 

The previous example as well as those presented in 
Table 1 show that indirect environmental consequences of a 
process design decision can occur outside the fixed cradle- 
to-gate or cradle-to-grave system boundary. There is no 
application of LCA for pulp and paper process design that 
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systematically assesses the importance and relevance of 
setting the system boundary in a way that includes the 
indirect consequences of the process alternatives for design 
decision making. In addition, it was recognized that the 
influence of different allocation procedures on the results of 
LCA of wood-based products, and more specifically 
recycling, can be significant (Ekvall and Tillman 1997; 
Ekvall 1999a, b; Vogtlander et al. 2001; Guinee et al. 2004; 
Yamada et al. 2006). Usage of allocation procedures is a 
consequence of attempting to assign the environmental 
impacts to one specific product or process. This indicates 
the need to investigate alternative approaches for setting the 
system boundary that include the indirect environmental 
consequences and that avoid allocation procedures. 

1.2 Methodological developments in LCA system boundary 
selection 

The ISO 14040 standard (ISO 2006a) defines LCA as a tool 
that “addresses the environmental aspects and potential 
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environmental impacts [...] of products throughout a 
product’s life cycle from raw material acquisition through 
production, use, end-of-life treatment, recycling and final 
disposal (i.e. cradle-to-grave)”. According to this standard, 
LCA has multiple applications, such as the identification of 
environmental improvement opportunities, market claims, 
and decision support. According to ISO, the choice of the 
processes to include in the system boundary depends on the 
goal and scope definition of the study. In this regard, there 
is a growing consensus in the LCA community that LCA 
applications can be classified in two main fields: LCA 
aimed at describing the life cycle environmental impact of a 
product, process, or service [accounting LCA or attribu- 
tional LCA (ALCA)] and LCA aimed at describing the 
consequences of a specific decision [change-oriented LCA 
or consequential LCA (CLCA)] (Ekvall 1999b; Tillman 
2000; Ekvall and Weidema 2004; Ekvall and Andrae 2006; 
Lesage et al. 2007a, b). The methodologies used for these 
two approaches are different, more specifically regarding 
system boundary selection and inventory compilation. 

ALCA is more closely related to the classical ISO 14040 
definition and proposed methodology although the standard 
now recognizes the differences in the two types of 
applications. The purpose of ALCA is to provide informa¬ 
tion concerning the environmental properties of a product’s 
life cycle. Therefore, effects on other life cycles are outside 
the ALCA system’s scope. Allocation procedures are used 
when multifunctional processes are necessary to deliver the 
main function of the investigated product, process, or 
service. Because the goal is to determine the environmental 
impacts imputable to one specific product, process or 
service, average technologies are modeled (e.g. for elec¬ 
tricity production). Characteristics of CLCA when com¬ 
pared to ALCA are as follows: 

• No attempt is made to allocate environmental impacts 
to one specific product, process, or service, and thus, 
allocation is not required. 

• Indirect consequences of a specific decision regarding 
the investigated product, process, or service are sys¬ 
tematically addressed, and consequently, the marginally 
affected technology is identified. 

• Parts of the system not affected by the decision are 
usually not considered, and only changes are calculated. 

To the knowledge of the authors, only two case studies 
compared the results obtained with both ALCA and CLCA 
approaches (Ekvall and Andrae 2006; Lesage et al. 2007a, b). 
The first one (Ekvall and Andrae 2006) assessed the effects 
of replacing lead-containing by lead-free solder pastes, while 
the second one (Lesage et al. 2007a, b) focused on the 
environmental consequences of brownfield rehabilitation 
alternatives. The two studies illustrated the importance of 
modeling indirect environmental consequences. They also 


discussed the complementary knowledge resulting from the 
two approaches and the limited relevance of CLCA when 
direct environmental consequences are much more signifi¬ 
cant than indirect consequences. None of these case studies 
systematically demonstrated the advantages of CLCA due to 
avoiding subjective selection of allocation procedures. There 
is clearly a need for more case studies comparing the two 
approaches. 

2 Objective 

The objective of this paper is to compare the information 
provided by ALCA and CLCA approaches for decision 
making regarding the selection of process options aiming at 
reducing the dependency of an integrated newsprint mill to 
purchased electrical power. More specifically, the potential 
importance of indirect environmental consequences of the 
process options (addressed by CLCA but not by ALCA), 
the effects of the allocation procedure (in ALCA), and the 
implications of the two approaches for decision making are 
discussed. 

3 Methodology 

3.1 Case study presentation 

The system under investigation consists of an integrated 
newsprint mill located in Ontario (Canada). Newsprint is 
produced using a mix of TMP and DIP. The TMP process, a 
significant electricity consumer, uses wood chips supplied 
by sawmills (by-product of lumber production) in the 
vicinity. Recycled paper is transported from urban locations 
as well as from smaller communities near the mill location. 
Four process alternatives are investigated in order to reduce 
mill dependency on external power sources. The four options 
consider an increase in cogeneration capacity from 2.5% up 
to 95% and of the DIP content of the paper from 20% up to 
100% (shutting down the TMP process). The process options 
are presented in Table 2, and their main process implications 
were discussed previously (see section 1.1). All DIP 
options require new installations, except for one 
(D50C59), which requires retrofitting the existing system 
(combination of old process line with new equipment). 
These new installations have a slightly better yield (increase 
of 7.6%—less recycled paper is required to achieve the 
same quantity of newsprint) and generate less sludge 
compared to the base case (the current mill case). The 
cogeneration options comprise: (a) converting one natural 
gas boiler to bum wood waste and keeping existing turbo¬ 
generators in service (D50C60, D100C78, and D50C59) 
and (b) installing a new wood waste boiler, upgrading half 
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Table 2 Cogeneration and de-inked pulp capacities 


Option Fiber consumption Power consumption Other important features of options 


TMP (%) DIP (%) Cogen (%) Purchased power (%) 


Base case 

80 

20 

3 

97 

N/A 

Option 1 

50 

50 

60 

40 

Additional DIP production through new equipment only: less recycled 
fiber required for the same amount of pulp, less sludge. 






Cogeneration using mainly wood waste. 

Option 2 

100 

100 

78 

22 

Additional DIP production through new equipment only, less recycled fiber 
required for the same amount of pulp, less sludge. 






Cogeneration using mainly wood waste. 

Option 3 

100 

100 

95 

5 

Similar to option 2 except that cogeneration is mainly based on natural gas. 

Option 4 

50 

50 

59 

41 

Similar to option 1 but the DIP plant consists of the old and a new process 


line ad electrical consumption is only slightly reduced 


of the boilers to higher pressure operation (900 psig), and 
adding a new turbo-generator (D100C95). The scenario 
combinations considered for this study are all economically 
viable (Janssen et al. 2006). 

3.2 Summary of the LCA approaches used 

To achieve the proposed objectives, the four options are 
analyzed using the two LCA approaches. For both 
approaches, the four steps recommended by the ISO 
14044 (goal and scope definition, inventory, impact 
assessment, and interpretation) were carried out (ISO 
2006b). Details are given in Sections 3.3 and 3.4. To 
simplify the interpretation, the system boundary is divided 
into three subsystems: the foreground system, the back¬ 
ground system, and the extended background system. The 
foreground system consists of the processes on which 
action can be taken by the newsprint manufacturer (i.e., 
the process located on the pulp and paper mill sites). The 
background system consists of other processes in the 
newsprint life cycle. The extended background system is 
set in order to account for potential indirect effects due to 
the implementation of the process options in the foreground 
system. 

3.3 Attributional LCA 

3.3.1 Goal and scope definition 

Functional unit A previous LCA aiming at comparing 
process options to reduce purchased power was carried out 
for this same case study using a cradle-to-gate boundary 
(Salazar Zarate 2004; Cornejo et al. 2005). Here, the 
functional unit is kept as originally defined for all options 
investigated: the production of one air-dried metric ton 
(1 admt) of newsprint. 


System boundary and allocation procedures For the case of 
the ALCA, the foreground and background systems (paper 
production and its upstream processes) are included in the 
boundary (see Figs. 1 and 2). This system boundary allows 
the description of environmental impacts attributable to 
newsprint production before and after implementing each of 
the proposed process modifications. Using this approach, a 
decision must be made regarding multifunctional processes 
present within the boundary: sawmill operations and open- 
loop recycling of waste paper. The sawmill produces three 
main products: lumber, chips, and wood waste; only chips 
are of interest. In this study, the allocation of the burden of 
these three products is performed based on mass. This 
choice has been shown to have little effect on the results in 
a previous study (Salazar Zarate 2004). On the other hand, 
it was recognized that the influence of different allocation 
procedures on the results of LCA of wood-based products, 
and more specifically open-loop recycling, can be signifi¬ 
cant. The allocation procedure selected for open-loop 
recycling should ensure that the inputs and outputs 
associated with the unit processes for extraction and 
processing of raw materials and final disposal of products 
are shared by more than one product system (Ekvall and 
Tillman 1997; ISO 2006b). Several approaches that 
recognize this feature and which reflect different perspec¬ 
tives regarding how the environmental impacts are shared 
in the fiber life cycle are available. The systematic 
comparison of all these allocation procedures is outside 
the scope of this paper, but in order to assess the potential 
effects of the allocation procedures on the results, two 
pertinent and feasible methods are selected: the cut-off 
method and the extraction-load method. The cut-off method 
takes a perspective according to which each product in the 
fiber life cycle is only responsible for the environmental 
impacts that it directly causes. Using this approach, the 
recycled material used in the investigated system does not 
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Fig. 1 System boundary for the ALCA approach, cut-off allocation 
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Fig. 2 System boundary for the ALCA approach, extraction-load allocation 
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carry any burden from virgin material production. This 
method is selected for several reasons. Firstly, from the 
available methods, it is the only one directly applicable to 
the cradle-to-gate boundary where the actual end-of-life 
(disposal and/or recycling) of the product investigated is 
not assessed. Secondly, this method has the advantage of 
eliminating uncertainty regarding: (a) the number of times 
that a material is recycled, (b) where the investigated 
product is located in the fiber life cycle, (c) how original 
virgin fiber was processed, etc. Finally, it is the method that 
best reflects the ability of the paper manufacturer to control 
the amount of recycled fiber it uses and his lack of control 
over whether the final product is going to be recycled or 
not. Using this approach, the environmental impacts of the 
recycling process, considered here to be collection, sorting, 
and reprocessing (repulping and de-inking) of the material, 
are all allocated to the product using the recycled fiber. The 
system boundary for this first allocation procedure is shown 
in Fig. 1. The second allocation approach (extraction load) 
builds on a perspective according to which all material will 
end up as waste and that final disposal is an inevitable 
consequence of raw material extraction. The cradle-to-gate 
boundary presented for the cut-off method is not suitable to 
apply this allocation method. However, like illustrated at 
Fig. 2, it can be slightly modified to include any final 
disposal due to material extraction. This method is pertinent 
for this case study because the alternatives consume 
different amounts of waste paper and thus different 
quantities of virgin fiber, which results in more or less 
material to be disposed of. Using this approach, all impacts 
of the recycling process itself are assigned to the investi¬ 
gated product. 

Main assumptions The main assumptions for the cradle-to- 
gate system are available elsewhere (Salazar Zarate 2004). 
Additional assumptions are required for the second alloca¬ 
tion procedure tested. The final disposal is considered to be 
landfill of waste paper with incineration of the biogas but 
without energy recovery. This assumption is based on data 
availability. 


3.3.2 LCI, LCIA, and interpretation 

Primary data is used to model the foreground system and, 
generic data from the ecoinvent database, to model the 
background system. The American LCIA method (TRACI) 
is used to characterize the environmental impacts (Bare et 
al. 2003). This method includes nine environmental 
indicators: global warming (GW), ozone depletion (OD), 
acidification (AC), eutrophication (EU), photochemical 
smog formation (PS), ecotoxicity (ECO), human health 
cancer (HHC), human health non-cancer (HHNC), and 
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human health particulates (HHP). LCIA indicators assess 
the potential environmental impacts due to emissions and 
not the actual impacts. For instance, a higher score for the 
HHC indicator indicates that the system emits more 
emissions, which potentially cause cancer. Normalization 
is the calculation of the magnitude of an impact category 
result relative to some reference information. The main 
objective of normalization is to better understand the 
relative significance of each indicator. The reference system 
must be meaningful for the decision makers. In this study, 
the reference system is the newsprint production system 
before any modifications (Eq. 1, A ZJ , normalized LCA 
result for the option i and impact category y; C ZJ 
characterization result for the option i and impact category 
y; and BC, base case). The choice of the normalization 
reference can change the conclusions drawn from LCIA. 
This is not investigated in this paper. Weighting is the 
process of converting indicator results of different impact 
categories using numerical factors based on value choices. 
No weighting is performed in this study. Interpretation is 
performed through contribution and sensitivity analyses. 
This paper does not include any uncertainty analysis. 


N ALCA 


^ALCA 


^ALCA 
U BC J 



3.4 Consequential LCA 
3.4.1 Goal and scope definition 

Functional unit The functional unit plays a more important 
role in CLCA than in ALCA. It should be set to reflect the 
effects of product substitution (Weidema 2003). The 
objective of this study is to assess the “system boundary” 
aspect of CLCA and not the selection of the functional unit 
(recognizing it may be as important). For this reason, it is 
assumed that the product from the modified system directly 
substitutes the product from the original, causing only a 
change of the environmental impacts per functional unit. 
No rebound effect is assumed, and the functional unit is 
defined similarly to the ALCA case (1 admt of newsprint). 

System boundary The system boundary for the CLCA 
approach is shown in Fig. 3. Only the processes affected 
by the alternatives are included. These processes are in the 
foreground, background, or extended background system. 
The main extended background processes included in the 
system are other chipping operations, the waste paper 
market, other waste paper users, waste paper landfill, and 
electricity marginal technology. 

Main assumptions When extending the boundary to the 
indirect effects (extended background), it is necessary to 
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Fig. 3 System boundary for the CLCA approach 

identify what are the actual consequences of the process 
modifications. This task is complicated and uncertain. 
Assumptions regarding the consequences are summarized 
in Table 3. Assumptions are made regarding how landfill 
activity is reduced or how less recycled paper is available 
for other systems as a consequence of increased consump¬ 
tion of recycled fiber. A methodology based on price 
elasticity in order to do so was proposed (Ekvall and 
Weidema 2004). Based on this approach, it is possible to 
calculate how the supply will be affected due to a change in 
the demand or vice versa. In this study, default price 

Table 3 Initial methodological choices regarding affected flow 


elasticity (Palmer et al. 1997) is assumed. This leads to the 
case where the increase of recycled fiber in the investigated 
system is fulfilled by the deviation of 62% from landfill and 
38% from other usages. Furthermore, it is considered that 
the reduction of recycled pulp production in other systems 
due to an increase use of recycled paper in the investigated 
system is compensated by an increase in a mixture of virgin 
kraft and TMP pulp. This new consumption of virgin fiber 
results in increased forest operations and in an additional 
extracted material, which will have to be disposed of 
ultimately. The final disposal is assumed to be landfill of 


Affected flow in the 
foreground system 

Assumptions 

Main affected background and extended background 
processes 

Waste paper 

Default estimates for demand and supply price elasticity: 38% 

Transportation of waste paper to the mill, DIP production, 

feedstock 

is deviated from other pulp and paper usages and has to be 
compensated by virgin pulp production (TMP and kraft), 
62% is temporarily deviated from landfill 

TMP and kraft pulp production, related virgin material 
extraction, and final disposal of extracted material, 
sorting of waste paper 

Chips 

Decreased use of chips in the investigated system result in a 
decrease production of chips in other systems 

Chip production, related virgin material extraction, 
and final disposal of extracted material 

Wood wastes 

Additional wood wastes are available from forest residues 

Transportation of wood waste to the mill 

Electricity 

Marginal electricity technology is coal 

Marginal technology 

Natural gas 

Supply is completely elastic: difference in consumption will 
result in the same difference in production 

Natural gas production 

Chemicals 

Supply is completely elastic: difference in consumption will 
result in the same difference in production 

Chemical production 
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waste paper with incineration of the biogas but without 
energy recovery. Implementing the four process options 
also results in a decreased usage of wood chips. Wood 
chips used in the system are a by-product of sawmill 
operations and thus will still be produced if the demand 
decreases. In many cases, pulp and paper mills are 
purchasing wood logs to transform them into chips 
themselves. It is assumed that the decreased use of chips 
in the studied system will lead to a decreased production of 
chips from logs in other systems and ultimately a reduction 
in forest operations. Therefore, less virgin material will be 
extracted, and this material will not have to be disposed of 
at its end of life. Another consequence of implementing the 
process options is the reduction in electricity consumption. 
Using the procedure proposed by Weidema et al. (1999), 
coal is identified as the marginal technology for electricity 
production. The alternatives also consume more wood waste 
than the base case. Wood waste is a by-product of other 
operations and is a constrained product. However, it is 
assumed that large volumes of wood biomass are potentially 
available in the form of forest residues, which are usually not 
recovered and can be used within the system. Finally, the 
reduction in natural gas consumption and the increased or 
decreased consumption of chemicals is set to produce a 
proportional change in the production of those materials. It is 
important to mention that the changes in the paper process 
will potentially affect other activities than the ones men¬ 
tioned here. However, it is assumed that further system 
expansion would bring too much uncertainty and thus would 
not provide information useful for decision making. 


3.4.2 LCI, LCIA, and interpretation 


Primary data is used to model the foreground system, and 
generic data from the ecoinvent database are used to model 
the background and extended background systems. Only 
differences in the processes included are calculated (Eq. 2; 
Nij, normalized LCA result for the option i and impact 
category y; AQ y -, change in characterization result due to 
option i and impact category y; and BC, base case). The 
LCIA and interpretation are performed as for the ALCA 
approach. 


Nr: 


CLCA 


AC^LCA 

_ L _v_ _ 

/'-ALCA 

U BCV 



3.5 Comparing the two approaches 

A systematic comparison of the two approaches is done in 
order to determine their benefits and limitations in the 
process design context. For this, it is necessary to express the 

4^ Springer 


results of the two approaches in a comparable way. For this 
reason, the results from ALCA are also calculated in a 
differential manner (Eq. 3; A ZJ , normalized LCA result for the 
option i and impact categoryy; Qy, characterization result for 
the option i and impact categoryy; and BC, base case). 


^yALCA 


/'-'ALCA _ /'-'ALCA 
Uy U BC J 


/'-ALCA 
U BC J 



Equations 2 and 3 express the changes caused by the 
alternatives: Eq. 2 is limited to the changes in the cradle-to- 
gate system boundary, whereas Eq. 3 expresses the change 
in the whole technological system (in the limits of 
uncertainty). Since both equations express the change 
compared to the base case, the differential from the base 
case to itself has a zero value. The two approaches are 
compared under three different points of view: effects of 
including indirect effects into the analysis, effects of the 
marginal technology, and effects of the allocation proce¬ 
dure. Finally, implications for process design of the two 
approaches are investigated. 


4 Results 

To better interpret the results, it is necessary to understand 
their uncertainty. No systematic uncertainty analysis is 
performed for this case study. However, using an estimate 
of uncertainty on the mass balances as well as uncertainty 
ranges available from the database used, the options can be 
considered as different if they differ from more than 0.1 in 
the case of ALCA and 0.5 in the case of CLCA (normalized 
values), keeping in mind that some impact categories may 
be more uncertain than others. Options are considered the 
same for smaller deviations. 

4.1 Attributional LCA: cut-off allocation procedure 

Using this approach to compare the environmental impacts 
of different process options, the following question is 
answered: “Given that it has been considered that newsprint 
production was responsible only for direct environmental 
impacts, what is its environmental footprint before and after 
the process modifications?” The results are presented in 
Fig. 4. To interpret the results, it is important to understand 
that the significance of the results is considered to be a 
function of the difference with the original environmental 
impact affected to the newsprint production (normalization 
by the base case). The results shown in Fig. 4 indicate that 
the four options have a beneficial effect on the newsprint 
production environmental profile for all impact categories. 
For some impact categories (OD, AC, EU, ECO, HHC, 
HHNC, and HHP), it is difficult to differentiate between the 
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Option 1 H Option 2 □ Option 3 □ Option 4 —Base case 

1.2 -t 


1 - 



GW OD AC EU PS ECO HHC HHNC HHP 


Fig. 4 Results from applying the ALCA approach, cut-off allocation 

alternatives. Either data should be improved to reduce this 
uncertainty, or these impact categories should not be used 
for decision making regarding the selection of the best 
alternative because it is considered that all alternatives 
perform the same. For other impact categories (GW and 
PS), options involving complete substitution of TMP pulp 
by DIP pulp (options 2 and 3) are clearly superior to 
options involving only a partial substitution (options 1 and 
4). The main reason for this is the greater reduction of 
electricity consumption. 

4.2 Attributional LCA: extraction-load allocation procedure 

This approach answers the same question as the cut-off 
allocation procedure. However, it considers newsprint 
production responsible for more impacts in the fiber life 
cycle. It builds on the fact that all virgin material extracted 
will end up as waste and that final disposal is an inevitable 
consequence of raw material extraction to allocate the final 
disposal of fiber to the system were the virgin fiber is 
consumed. Each option (including the base case) consumed 
a different amount of virgin fiber and thus is responsible for 
a different amount of final disposal. The results presented in 
Fig. 5 indicate that the implementation of all process 
options is beneficial for the environmental profile of 
newsprint production. Furthermore, more impact categories 
allow differentiating the options when compared to the cut¬ 
off allocation procedure. 

4.3 Consequential EC A 

This approach answers a very different question regarding 
the comparison of process options. It compares the overall 
change (including the indirect effects or effects on the 
extended background system) in environmental impacts due 
to the implementation of process options. The environmen¬ 
tal profile of newsprint production (or environmental 


Option 1 H Option 2 □ Option 3 □ Option 4 —Base case 

1.2 -t 


1 - 



GW OD AC EU PS ECO HHC HHNC HHP 


Fig. 5 Results from applying the ALCA approach, extraction-load 
allocation 

consequences directly imputable to newsprint production) 
is not calculated. In Fig. 6, a negative result means an 
improvement. This figure shows that, given that two 
options are considered different if they differ from more 
than 0.5, all impact categories (except OD) are improved by 
all options. The deterioration in OD is not significant 
compared to the improvement in the other indicators. The 
CFCA approach indicates a clear distinction for options 
involving a complete replacement of the TMP by the DIP 
pulp. 

4.4 Effects of including indirect environmental 
consequences (extended background) 

From this point on, all the results (including AFCA results) 
are expressed in their differential form (Eqs. 2 and 3). To 
demonstrate the potential effect of including the indirect 
environmental consequences of implementing the options, 
the impacts of the foreground and background systems are 
compared with those of the extended background systems 
for the GW and EU indicators (see Figs. 7 and 8). First, the 

■ Option 1 □ Option 2 □ Option 3 ■ Option 4 —Base case 
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Fig. 6 Results from applying the CLCA approach 
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□ Foreground & background ■ Extended background 



GW indicator is an example where indirect effects can be 
significant compared to the direct effects. Second, the EU 
indicator is an example where indirect effects are in the 
opposite direction from other effects (i.e., an overall 
improvement in the life cycle but a deterioration in other 
systems). In this case, the increase of EU in the background 
system is due to mills that would have to use more virgin 
fiber pulp to compensate for the lose in recycled paper. 
These two observations illustrate the importance of includ¬ 
ing the indirect effects for decision accounting for all 
potential impacts. In this case, the inclusion of those effects 
would not have changed the decision. However, in some 
cases, a change in the decision would happen. 

4.5 Effects of the marginal technology 

Another distinction between ALCA and CLCA is the usage 
of the average and marginal technology. One example of 
this is the electricity production. In ALCA, the goal is to 
draw the environmental profile of the investigated system 
before and after implementing the process options. Since 


□ Foreground & background ■ Extended background 



the electricity grid is only marginally affected by a change 
in electrical consumption by the mill, its fuel mix is about 
the same, and therefore, the average mix is used. However, 
in CLCA, the goal is to describe the environmental 
consequences of implementing those options. For this 
reason, the marginal technology that is actually affected 
by implementing the options has to be identified. In this 
case study, the marginal electricity production affected by a 
change in electricity consumption by the mill is assumed to 
be electricity from coal combustion (Weidema et al. 1999). 
The effect of this choice for the AC indicator is shown in 
Fig. 9. Benefits from a reduction in electricity consumption 
is much greater for CLCA than for ALCA because 
electricity from coal, rather than a mix of coal, hydroelec¬ 
tricity, and nuclear, is modeled. 

4.6 Effects of allocation 

The last significant difference between ALCA and CLCA is 
that ALCA needs the selection of allocation procedures. The 
effect of using an allocation procedure rather than another one 
is shown in Fig. 10. This figure compares the results of 
CLCA with those obtained using the two allocation 
procedures (cut-off and extraction load) for the HHC 
indicator. While CLCA describes the total environmental 
consequences caused by each option, ALCA tries to allocate 
a portion of these consequences to the investigated system. It 
can be seen that the choice of the allocation procedures can 
allocate a different amount of the total environmental 
consequences to the investigated system. In this case study, 
the selection of one procedure over another makes a 
difference regarding the potential to differentiate the options. 

4.7 “Hot spots” identification 

In the process design process, LCA can also be used to 
support alternative generation using contribution analyses 

■ Option 1 □ Option 2 □ Option 3 □ Option 4 


o 

z 

-2 - 


Average 

Marginal 

Average 

Marginal 

Average 

Marginal 

GW 

AC 

HHNC 


Fig. 9 Effect of the marginal technology 
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■ Option 1 □ Option 2 □ Option 3 □ Option 4 



Fig. 10 Effect of allocation on the HHC indicator (CU cut-off, EL 
extraction-load) 

for which, at this time, there is no method based on CLCA. 
Such analyses are presented in Table 4. When using a cut¬ 
off allocation procedure, it can be deduced that reducing 
electricity consumption will have a positive effect on the 
environmental profile of newsprint production. The same 
conclusions can be made using an extraction-load proce¬ 
dure. However, more improvement opportunities are identi¬ 
fied. An example is waste paper landfill (result from virgin 
fiber extraction) that contributes significantly to several 
impact categories. The newsprint producers can have a direct 
effect on the material, which ends into the landfill by 
controlling the amount of virgin fiber they extract from the 
environment. In this case, the extraction-load allocation 


procedure better reflects the ability of the producers to 
improve. The main limitation of using ALCA to identify 
potential environmental improvement is that potential 
indirect effects are never considered in the assessment, and 
thus, real opportunities are possibly not identified. 

5 Discussion 

In the previous sections, it has been demonstrated that the 
usage of CLCA instead of ALCA for a pulp and paper 
process design application can lead to different results for 
several reasons: (1) It includes the indirect environmental 
consequences of implementing the options; (2) it attempts 
to model the technology that is actually affected instead of 
using an average; and (3) it avoids the selection of an 
arbitrary allocation procedure. This illustrates that the 
cradle-to-gate, which was generally used in the literature, 
may not always be the best approach for assessing the 
environmental impacts of process options. To decide which 
option should be implemented (from an environmental 
standpoint), it is necessary to weight the relative importance 
of the different impact categories. In this study, no 
weighting was necessary because, if we consider only the 
impact categories for which it is possible to differentiate 
between the options, these vary in the same direction for the 
three approaches. Although CLCA gave more information 
about the indirect effects, it would not have changed the 
conclusions of the study. 


Table 4 Contribution analyses 


Paper mill process 

GW (%) 

OD (%) 

AC (%) 

EU (%) 

PS (%) 

ECO (%) 

HHC (%) 

HHNC (%) 

HHP (%) 

Cut-off allocation method 

Papermaking 

6 

15 

8 

13 

12 

9 

11 

8 

9 

TMP 

1 

3 

6 

2 

3 

32 

9 

2 

4 

DIP 

3 

5 

5 

4 

3 

9 

8 

5 

6 

Steam 

5 

33 

6 

5 

10 

3 

4 

3 

5 

Electricity 

81 

34 

65 

16 

43 

37 

63 

76 

68 

Sawmill and forest 

3 

8 

11 

9 

28 

4 

4 

5 

8 

Effluent and sludge 

0 

1 

1 

52 

0 

6 

1 

0 

1 

Landfill 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Extraction-Load allocation method 

Papermaking 6 

15 

8 

1 

12 

8 

6 

1 

9 

TMP 

1 

3 

6 

0 

3 

26 

5 

0 

4 

DIP 

3 

5 

5 

0 

3 

7 

5 

1 

6 

Steam 

5 

33 

5 

0 

10 

3 

2 

1 

5 

Electricity 

80 

34 

63 

1 

42 

31 

38 

14 

66 

Sawmill and forest 

3 

8 

10 

1 

27 

3 

3 

1 

8 

Effluent and sludge 

0 

1 

1 

4 

0 

5 

1 

0 

1 

Landfill 

1 

1 

3 

92 

3 

17 

40 

82 

2 
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On the other hand, the ALCA approach used in the 
literature has the advantage of allowing for identifying 
opportunities for improvement, which is useful for defining 
process alternatives in process design applications. Like 
mentioned previously, the available methods do not allow 
for including potential indirect environmental consequences 
in the analysis. However, at this time, there is no 
methodology based on CLCA for hot-spot identification. 
A solution could be a combined usage of ALCA and 
CLCA. 

6 Conclusions 

In this paper, two LCA approaches (ALCA and CLCA) 
were compared for a process design application and more 
specifically for selecting the most environmentally prefer¬ 
able process option to reduce electricity consumption at a 
pulp and paper mill. While ALCA was used to assess the 
environmental profile of newsprint before and after imple¬ 
menting the process alternatives, CLCA aimed at compar¬ 
ing the environmental consequences of those alternatives. It 
was demonstrated that the indirect effects, which are 
assessed only when using CLCA, can be significant and 
in an opposite direction compared to the direct ones. Thus, 
their inclusion in the analysis can have an effect on the final 
decision. However, in this case study, it has been 
demonstrated that they will not change the decision. 
Furthermore, it has been demonstrated that taking two 
different and subjective perspectives to perform an alloca¬ 
tion procedure in ALCA can affect the results. In this 
specific case, the extraction-load allocation procedure was a 
better approximation of the results obtained using CLCA. 
CLCA highlights the indirect consequences and does not 
depend on an allocation procedure, but care must be taken 
regarding the large uncertainties when modeling the 
indirect environmental consequences. On the other hand, 
ALCA is still required to identify environmental opportu¬ 
nities, but a methodology that combines efficiently ALCA 
and CLCA may result in the identification of more relevant 
improvement opportunities. 

7 Recommendations and perspectives 

The combined usage of CLCA with ALCA is probably the 
most optimal approach to process design applications. 
Indeed, in process design applications, alternatives can be 
numerous, and it may not be very practical to define a 
complete attributional LCA for each of those. A very 
interesting feature of CLCA is that only the affected 
processes are modeled. However, since a broader scope of 
activities is covered, it may be difficult to find the data. On 


the other hand, modeling the environmental impacts of a 
base case using ALCA is a good basis for identifying 
opportunities for improvement and defining process design, 
although the incorporation of some CLCA elements may be 
required to ensure that the best opportunities are identified. 
Another application for which CLCA cannot be used at this 
time is the benchmark of the environmental profile of a 
given system in time. Finally, an important issue in using 
LCA for process design decision making is uncertainty. In 
ALCA, uncertainty is limited compared to CLCA because 
there is no need to estimate potential indirect environmental 
consequences. Procedures based on market elasticity, such 
as the used for paper recycling, can help in this task, but 
they are still very uncertain. In addition, when assessing 
process design options, flows affected can be numerous, 
and it may be difficult to handle them. There is a need for 
procedures to identify which flows to focus on when 
performing a CLCA analysis. 
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